The suspension of sediments by oscillatory flows is a complex case of fluid-particle interaction. The aim of this study is to provide insight into the spatial (time) and scale (frequency) relationships between wave-generated boundary layer turbulence and eventdriven sediment transport beneath irregular shoaling and breaking waves in the nearshore of a prototype sandy barrier beach, using data collected through the Barrier Dynamics Experiment II (BARDEX II). Statistical, quadrant and spectral analyses reveal the anisotropic and intermittent nature of Reynolds' stresses (momentum exchange) in the wave boundary layer, in all three orthogonal planes of motion. The fractional contribution of coherent turbulence structures appears to be dictated by the structural form of eddies beneath plunging and spilling breakers, which in turn define the net sediment mobilisation towards or away from the barrier, and hence ensuing erosion and accretion trends. A standing transverse wave is also observed in the flume, contributing to the substantial skewness of spanwise turbulence. Observed low frequency suspensions are closely linked to the mean flow (wave) properties. Wavelet analysis reveals that the entrainment and maintenance of sediment in suspension through a cluster of bursting sequence is associated with the passage of intermittent slowly-evolving large structures, which can modulate the frequency of smaller motions. Outside the boundary layer, small scale, higher frequency turbulence drives the suspension. The extent to which these spatially varied perturbation clusters persist is associated with suspension events in the high frequency scales, decaying as the turbulent motion ceases to supply momentum, with an observed hysteresis effect. The suspension of sediment in turbulent flows is a complex case of fluid-particle interaction, governed by shear stresses (momentum exchanges) at the bed and within the benthic boundary layer (BBL). Defining the physical processes which dictate the resuspension of sediments in coastal and estuarine settings is fundamental for accurate predictions of bed morphology evolution (Van Rijn et al., 2007) , and has profound implications for the biogeochemical processes that shape their local ecology (Thompson et al., 2011). It is also a prerequisite to quantifying erosion and deposition trends, and hence guiding engineering applications such as beach nourishment, defence schemes against erosion and flooding, maintenance of marine infrastructure and waterways, and aggregate dredging. There is a genuine need for better, robust models of suspended sediment transport in the coastal zone (Aagaard and Jensen, 2013). In a vision paper on future research needs in coastal dynamics, Van Rijn et al. (2013) highlighted the pressing need for research to support such models, focusing in particular on sand transport in the shoreface (non-breaking waves), surf and swash zones; employing field and controlled laboratory experiments.
Title: Wave-induced coherent turbulence structures and sediment resuspension in the nearshore of a prototype-scale sandy barrier beach The suspension of sediments by oscillatory flows is a complex case of fluid-particle interaction. The aim of this study is to provide insight into the spatial (time) and scale (frequency) relationships between wave-generated boundary layer turbulence and eventdriven sediment transport beneath irregular shoaling and breaking waves in the nearshore of a prototype sandy barrier beach, using data collected through the Barrier Dynamics Experiment II (BARDEX II). Statistical, quadrant and spectral analyses reveal the anisotropic and intermittent nature of Reynolds' stresses (momentum exchange) in the wave boundary layer, in all three orthogonal planes of motion. The fractional contribution of coherent turbulence structures appears to be dictated by the structural form of eddies beneath plunging and spilling breakers, which in turn define the net sediment mobilisation towards or away from the barrier, and hence ensuing erosion and accretion trends. A standing transverse wave is also observed in the flume, contributing to the substantial skewness of spanwise turbulence. Observed low frequency suspensions are closely linked to the mean flow (wave) properties. Wavelet analysis reveals that the entrainment and maintenance of sediment in suspension through a cluster of bursting sequence is associated with the passage of intermittent slowly-evolving large structures, which can modulate the frequency of smaller motions. Outside the boundary layer, small scale, higher frequency turbulence drives the suspension. The extent to which these spatially varied perturbation clusters persist is associated with suspension events in the high frequency scales, decaying as the turbulent motion ceases to supply momentum, with an observed hysteresis effect.
Introduction
The suspension of sediment in turbulent flows is a complex case of fluid-particle interaction, governed by shear stresses (momentum exchanges) at the bed and within the benthic boundary layer (BBL). Defining the physical processes which dictate the resuspension of sediments in coastal and estuarine settings is fundamental for accurate predictions of bed morphology evolution (Van Rijn et al., 2007) , and has profound implications for the biogeochemical processes that shape their local ecology (Thompson et al., 2011) . It is also a prerequisite to quantifying erosion and deposition trends, and hence guiding engineering applications such as beach nourishment, defence schemes against erosion and flooding, maintenance of marine infrastructure and waterways, and aggregate dredging. There is a genuine need for better, robust models of suspended sediment transport in the coastal zone (Aagaard and Jensen, 2013) . In a vision paper on future research needs in coastal dynamics, Van Rijn et al. (2013) highlighted the pressing need for research to support such models, focusing in particular on sand transport in the shoreface (non-breaking waves), surf and swash zones; employing field and controlled laboratory experiments.
The mobilisation of sediments in the nearshore and shoreface is dominated by waveinduced bed shear stresses in moderate and stormy conditions (Thompson et al., 2012) . The vertical structure of sediment flux components on the shoreface and in the inner surf zone, as well as the dynamics of sediment transport under shoaling waves in the nearshore, are both considered to be insufficiently understood (Van Rijn et al., 2013) . This requires prioritising research with reference to coherent flow structures and the intermittent stirring of sediments by breaking and shoaling waves, and the time-history effects of suspended sediments under irregular wave conditions [ibid.] . Understanding the spatial, temporal, and frequency characteristics of sediment suspension events in relation to turbulent fluctuations, both in structural form and in temporal distribution, is an important step towards providing a more satisfactory conceptual model for describing suspended sediment transport.
The role played by bed-generated coherent eddy structures in entraining and transporting sediment particles is widely acknowledged, yet the exact mechanism is still unclear (Dey et al., 2012; Ji et al., 2013) . Coherent turbulence structures have been defined, albeit reluctantly, as "connected turbulent fluid masses with instantaneously phase-correlated vorticity over their spatial extent " (1986; Hussain, 1983) . Fiedler (1988) added several criteria to the definition, namely; composite scales, recurrent patterns (lifespan longer than the passage time of the structure), high organisation and quasi-periodic appearance.
Besides the "conventional" bursting events which describe the intermittent, energetic process resulting from the passage of near-wall vortices as perceived by passive markers and/or visualisation studies (Schoppa and Hussain, 2002) ; one may identify vortices induced by wave breaking (Aagaard and Hughes, 2010) , or by flow separation from vortex ripples upon reversal in an oscillatory flow, i.e. vortex entrainment/shedding (Amoudry et al., 2013) .
Vortex shedding from bedforms in wave dominated flows was first reported by Bagnold and Taylor (1946) . As flow reverses over steep two-dimensional bedforms, the benthic boundary layer can separate from the bed, trapping sediments and ejecting them higher into the flow (O'hara Murray et al., 2011) . This is in essence a repeatable and hence coherent convective entrainment process (Nielsen, 1992) that is observed in both regular (at half cycle) and irregular wave conditions (O'hara Murray et al., 2012; O'hara Murray et al., 2011; Thorne et al., 2003) . Where vortex pairs may develop, sediments may be violently ejected much higher (several orders of a ripple height) than classically described (Williams et al., 2007) .
The intermittent transfer of momentum by coherent structures of turbulence is manifest by velocity fluctuations, and is linked to short-term variations in near-bed stresses (Heathershaw, 1974; Laufer, 1975) . This is evident in the turbulent "bursting" process (Kline et al., 1967; Kline, 1974, 1975) , which is a critical mechanism for production of turbulent kinetic energy (Dey et al., 2012; Schoppa and Hussain, 2002) . Turbulent bursting may be explained by the advection of spatially distributed vortices and structural features past a fixed point of measurement (Robinson, 1991) , although this may not detect how such vortices evolve in time (Schoppa and Hussain, 2002) . The largest contributions to stress often occur through ejecting or sweeping motions (Soulsby, 1983) . Typically, ejections are associated with entrainment of mass (sediment particles) into suspension, while sweeps are effective at transporting bedload (Cao, 1997; Dyer and Soulsby, 1988; Heathershaw, 1979; Keylock, 2007; Soulsby, 1983; Yuan et al., 2009) . While ejections and sweeps reportedly occur in relatively equal proportions near the bed, the former type dominates higher in the water column (Cellino and Lemmin, 2004) . Suspension of sediments is often related to large scale turbulence structures associated with clusters of ejections (Bennett et al., 1998; Kawanisi and Yokosi, 1993) .
Recent sediment suspension models attempt to account for turbulent bursting by implementing entrainment functions that theoretically account for the average time and space scales of these motions (e.g. Cao (1997) , Wu and Yang (2004) , Wu and Jiang (2007) ). Considerable recent work therefore focusses on the structural form of these features of flow, their role in fluid and sediment entrainment, bed shear stress generation, energy transfer and velocity asymmetry; and the influence of the space-time structure of the flow, with emphasis on oscillatory flows, and different bed roughnesses (Adrian and Marusic, 2012; Carstensen et al., 2010; Carstensen et al. (2012) ; Grigoriadis et al., 2013; Hardy et al., 2010; Hare et al., 2014; Okamoto et al., 2007) . Advanced visualisation and data analysis techniques reveal complex interactions between passing coherent energetic structures and sediments in suspension, such as particle response to turbulent fluctuations in the frequency domain (e.g. Liu et al., 2012) , and modifications of the mean velocity profile by the dispersed sediments (e.g. Ji et al., 2013) . The aim of this study is to describe the temporal and scale relationships between wave-generated boundary layer turbulence and event-driven sediment suspension in oscillatory flow in the nearshore of a prototype sandy barrier beach. In particular, two aspects are investigated: (a) the time-frequency characteristics that describe the relationship between turbulent burst cycles and ensuing sediment suspension; and (b) the scale of covariance of near-bed sediment resuspension events with wave-induced turbulent coherent structures as manifest by the intermittent Reynolds' Stresses.
Methodology

Experimental setup and wave conditions
The results presented here arise from the analysis of two wave data sets collected within the European HYDRALAB IV Barrier Dynamics Experiment II (BARDEX II) carried out at the Delta Flume facility/Deltares, the Netherlands, between June and July 2012 . A barrier beach, 75 m wide (cross-shore), 5 m alongshore, was constructed from moderately sorted, medium fluvial sand with a median grain diameter, D 50 , of 0.42mm. The barrier, backed by a lagoon and fronted by a 20 m flat section (of same bed material, 0.5 m deep), was subjected to a JONSWAP spectrum of waves, generated by a single-stroke wave paddle fitted with an automated reflection compensator to supress reflection and low frequency resonance, situated 49 m before the start of the 1:15 m seaward slope.
As part of these experiments, time-synched acoustic measurements of turbulence, suspension, and bed morphology were recorded from an instrumented frame at the nearshore position, situated just at the break of the seaward slope of the barrier (49 m from wave paddle). A schematic sketch of the frame and the barrier design is given in Figure 1 . Turbulence data were collected by means of two coupled, downward-looking Nortek Vectrino Acoustic Doppler Velocimeters (ADVs) with a vertical offset of 26 cm and an across-flume horizontal offset of 36 cm, sampling at 25 Hz. Sediment suspensions were inferred from backscatter measured with an Aquatec Aquascat Acoustic Backscatter Profiling Sensor (ABS), with 1, 2, and 4 MHz channels, measuring between 5 and 95 cm below the instrument in 0.5 mm bins at 64 Hz . Unfortunately, it was not possible to calibrate the ABS measurements (and hence infer volume/mass concentrations) due to failure of pump equipment. Subsequently, concentrations and backscatter are used is given by ADVs measuring at two discrete 7mm sample volumes above the bed ( Figure   1c ). However, ADVs are inherently contaminated by noise due to Doppler signal aliasing, bubbles, etc. (Mori et al., 2007) and inferred stresses are susceptible to errors due to sensor misalignment (Soulsby and Humphery, 1990 ). For quality control purposes, a threshold of measurement correlation based on the instrument sampling frequency was used (after Elgar et al. (2005)), giving ~70% as the lower limit. A limit of 20% corrupted data per record was subsequently applied, delimiting sequences where samples fall continuously below the accepted correlation threshold for > two seconds (Elgar et al., 2001; Feddersen, 2010) . The records were then patched by applying a moving average algorithm interpolating the missing data, following Thompson et al. (2012) . Subsequently, an axis-rotation algorithm is used to eliminate effects of sensor misalignment, following Elgar et al. (2001) . A similar operation is applied to the y-z plane before the mean values of the rotated coordinates are deducted to remove the contamination of the "U" data by the "V" data.
To extract the turbulence component ( ), the mean flow velocity of each component ̅ , determined by applying a moving average as a low pass filter, is subtracted from the instantaneous flow field ( ), before the record is zero-meaned and de-trended (Thompson et al., 2012) . The numerator coefficients defining the filter window were selected by trial and error, with autocorrelation and cross-correlation tests applied for validation. It follows that two fluctuating components are identified, a wave-induced (periodic) component (denoted by ) and the residual "random/high frequency" component, . The signals are then despiked using the modified "true" 3 D phase space method by Nikora, 2002, 2003) as modified by (Mori et al., 2007) . It is to be noted that similar power (variance) properties and scales in the time-frequency domain were observed before and after despiking, albeit with smaller magnitude stresses.
The non-directional wave parameters (peak wave periods and significant wave heights) were computed by zero-crossing and spectral analysis of the pressure variations, having compensated for transducer height above bed, and pressure attenuation with depth following Tucker and Pitt (2001) . Bed morphology was inferred from the backscatter intensity of the SSS and SRPS records. Bed location was determined using the built-in 'bed detection' function of the SRPS dual-head programmer software (Marine Electronics Ltd.) with a threshold value (20 dB) above the average backscatter intensity, having adjusted for sound attenuation. Bed level data were then detrended to remove the bed slope, and de-spiked to remove outliers pertaining to high concentration suspension events. A zero-crossing algorithm is used to determine ripple heights and wavelengths. Variations in bed morphology across the flume was examined through raw backscatter intensity given by the Sector Scan Sonar (SSS). Changes in bed morphology over time was inferred from the series of sequential scans within each run, taken approximately once a minute.
For the ABS records, the mean grain size and speed of sound, based on measured temperature and salinity, was used to correct backscatter for attenuation and spreading, and hence infer concentration. Thus, the one-dimensional vertical profiles of suspended sediment concentration (backscatter) and mean particle sizes could be calculated from sediment cross-section scattering of the individual sound frequencies following the methodology of (and Thorne and Hanes (2002) ; Thosteson and Hanes (1998) ), as presented in the MATSCAT toolkit (Buscombe, 2012 
Hence, the contributions of individual events in the ( ) plane are the ones which occur in each quadrant outside the central "hole" region bounded by the four hyperbolae defined by the above inequality. However, there is no agreed definition for the threshold criterion (Blackwelder and Kaplan, 1976; Bogard and Tiederman, 1986; Keylock, 2007; Wu and Yang, 2004) , and its value is chosen arbitrarily (Keylock, 2008) or ignored altogether (Keylock et al., 2014) . As the threshold increases, the number of exceedances decreases, biasing the stress magnitude to be mostly contributed by ejections within the second quadrant (Keylock, 2007; Willmarth and Lu, 1972) . The process outlined in (Cellino and Lemmin (2004); Longo et al. (2012) ; Lu and Willmarth (1973) ) is used to calculate the concentrations within each quadrant. Extending quadrant analysis into three dimensions, known as Octant analysis, is less common, given that the cross-wise flow component is often assumed less important in classical flows (Gheisi et al., 2006; Keylock et al., 2014; Ölçmen et al., 2006) . Quadrant/octant analysis provide a relatively simple means of characterising dominant flow structures, which can be linked to the entrainment of sediment from the bed and into suspension, and whose frequencies would dominate the velocity spectra and contribute the majority of the total shear stress (Keylock et al., 2014) .
Spectral properties: Fourier and Wavelet transforms
Fourier analysis is used to study turbulent flows and identify integral scales of motion, stemming from a classical understanding of the turbulent energy cascade. This statistical view was quantified by Kolmogorov-Obukhov into the well-known ⁄ law in the inertial subrange, with denoting the wave-number for the energy spectrum in Fourier Space (Frisch, 1995; Monin and Yaglom, 1971; Tennekes and Lumley, 1972) . However, the existence of organised yet stochastically intermittent eddy structures of multiple scales, varying in space and time, cannot be resolved by Fourier transforms as these transforms are inherently space-filling (Berry and Greenwood, 1975) . Wavelets, on the other hand, are able to expand a time series into time-frequency space and thus determine localised intermittent periodicities (Farge, 1992; Grinsted et al., 2004) , and are capable of performing efficient multi-scale decomposition (De Stefano and Vasilyev, 2012; Kumar and Foufoula-Georgiou, 1997 ), identifying and isolating localised structures such as vortices in physical and wavenumber spaces (Farge et al., 2001; Farge et al., 2003; Khujadze et al., 2011) , as well as analysing localised variations of power within a time series (Daubechies, 1990; Grinsted et al., 2004; Torrence and Compo, 1998) .
A wavelet transform is in essence a linear operation which decomposes a given signal into components that appear at different scales, based on convolution of the signal with a dilated filter (Mallat, 1991) . A continuous wavelet transform (CWT) decomposes a signal, , in terms of the 'daughter' wavelets, , derived by stretching or compressing and shifting (translating) the 'mother' wavelet, function (Lau and Weng, 1995; Torrence and Compo, 1998) . The most common mother function is the Morlet wavelet (Morlet, 1983; Morlet et al., 1982a, b) , of wave vector, , used in this work, and defined by:
The continuous and complex nature of this wavelet gives it the advantage of being able to detect both the time-dependent amplitude and phase for different frequencies in the time series (Lau and Weng, 1995) . The transform maps a one dimensional time series into a twodimensional image portraying the evolution of scales and frequencies in time (linear scale on time b-axis, and logarithmic scale on the a-axis). To speed up the transform and limit edge effects, we pad the time series with zeros, then remove these afterwards, and represent the region of spectrum where the effects may be important (near large scales) by a 'cone of influence' following (Torrence and Compo, 1998) . Wavelet transforms are carried out to investigate the variability of high frequency turbulence structures and the ensuing suspension events, as well as their clustering (sequential occurrence) in time. These structures are hereby defined in terms of the Reynolds stresses as the second moment velocity covariance (product of the turbulent components in each of the three planes). The contours of power spectra are constructed from a continuous wavelet transform of the time series of Reynolds stresses, and of the concentration time series, following the methodology of Torrence and Compo (1998) and tools presented in Grinsted et al. (2004) . Finally, using cross wavelet transforms, the causality between two time-series can be scrutinized by examining whether regions in the time-frequency space with large common power have consistent phase relationships. Wavelet multi-resolution analysis is capable of detecting and tracking energetic fine-scale motions (Schneider and Vasilyev, 2010) . A cross-wavelet transform (XWT) is therefore used to expose regions of high common power between the two signals of Reynolds' stresses and suspended sediment flux, looking into the phase relationships between the two (Grinsted et al., 2004) .
Results and Discussions
Wave hydrodynamics and bed morphology
Eight records of erosive and accretive wave conditions (from the barrier's perspective) are analysed and presented here (four erosive sub-records taken from BARDEX II test series A3, and four accretive records from series A7 and A8). The design wave conditions, as well as calculated and measured hydrodynamic flow properties are given in Table 1 . The design wave forcing in each sub-run is reproduced systematically by the paddle, with measured significant wave heights (Hs ~ 0.75 ±0.03 m in erosive, and ~0.61 ±0.07 m in accretive runs) and peak periods (Tp ~8.12 ± 0.5 s in erosive; and 12 s in accretive runs) satisfying the erosion/accretion criteria (shoreward/seaward migration of nearshore bed material) of Sunamura and Takeda (1993) for the given beach slope and mean grain size. The wave
Reynolds numbers indicate turbulent rough flows (Soulsby and Clarke, 2005b) , with estimated near-bed orbital velocities of for the erosive runs (spilling and plunging breakers with surf-similarity parameter, ), and for the accretive runs (plunging breakers with 0.62 (Massel, 2013) ). Turbulence measurements by the two ADV's were confirmed to be taken within and outside the wave benthic boundary layer.
Within the erosive and accretive runs presented, wave-induced suborbital vortex-type ripples were observed in a bifurcating, two-dimensional configuration across and along the flume (figure 2), following the classification of (Clifton and Dingler, 1984) . These were characterised by ripple height: = 0.098 ± 0.008 m; and wavelength, = 0.45 ± 0.09m in the erosive runs; and = 0.10 ± 0.02 m; and = 0.57 ± 0.06 m in the accretive runs. While certain trends in bedform growth and relaxation were observed during entire experimental runs, only millimetric scale variations in geometry were evident within the 8-minutes long sub-records chosen for analysis of stress-suspension co-variation.
3.2 Turbulence intermittency and higher order statistics Figure 3 shows the time series of the three instantaneous, zero-meaned velocity (U, V, and W) and inherent turbulent ( and ) fluctuations, measured within and outside of the wave boundary layer (by ADV1 and ADV2 respectively) for almost the entire length of the erosive wave run A301; together with their corresponding probability distributions. The four erosive sub-records carried forward in the analysis are delimited by the vertical blue lines. Table 2 summarises the corresponding averaged statistical properties for the turbulent component of the 8-minute subsampled records from both erosive and accretive wave runs.
The streamwise velocity component, , both within and outside the boundary layer, exhibits a quasi-Gaussian distribution (skewness ~ 0, kurtosis ~ 3) hinting at a stochastic process of independent probabilistic events; while the crosswise and vertical components are markedly non-Gaussian. The turbulence components are anisotropic in all three dimensions both within and outside the bottom boundary layer.
The crosswise component, commonly overlooked when analysing shear stresses in relation to sediment suspension, shows remarkably high amplitude spikes, comparable in magnitude to the streamwise flow and for a considerable amount of time, particularly near the bed. This, in turn, is reflected in a pronounced leptokurtic distribution for the transverse velocity fluctuation, which also appears to be asymmetric. The vertical velocity fluctuations are characterised by relatively high kurtosis for the erosive wave runs, and even more pronounced in the accretive runs. The is generally suggestive of a high degree of intermittency in momentum exchange. Similar results have been reported (as unexpected findings) in experimental and numerical simulations of strong boundary layers and turbulent channels, particularly in wall (bed) proximity (Choi and Guezennec, 1990; Kim et al., 1987) and at high Reynolds numbers (Kuo and Corrsin, 1971) ; in obstructed flow (El Khoury et al., 2010) , and in viscoelastic flows (Samanta et al., 2009 ).
The peaked and asymmetric crosswise velocity distribution particularly near the bed has been attributed to the nearly self-similar growth and self-sustaining mechanisms of spanwise structures in close proximity to low speed regions of flow. These are often speculated to be generated by induction of the asymmetric legs of an inclined, streamwisealigned, wall-attached horseshoe vortex structures (Adrian, 2007; Christensen and Adrian, 2001; Lozano-Duran et al., 2012; Panton, 2001; Tomkins and Adrian, 2003; Zhou et al., 1997) . It has also been attributed to the more frequent occurrence, and merging, of one-legged 'cane-like' elliptical vortices, at high Reynolds numbers (Tomkins and Adrian, 2003) .
The highly three-dimensional fluid entrainment process cannot be studied in the streamwise-vertical plane only, where entrainment with vortex structures is not evident (Robinson, 1991) . Large streamwise vortices in wall bounded channels with moveable beds appear as secondary flows in the crosswise plane perpendicular to the streamwise flow, and affect the distribution of mean velocity, turbulence intensities, and Reynolds and bed shear stresses through the channel (Adrian and Marusic, 2012). Such eddies have been observed with a spanwise width up to 1.5 times the water depth, which oscillate slowly at the centre while forming stationary flows near the wall (Tamburrino and Gulliver, 2007) . In the absence of practical means of visualising these structures in the field, we undertake quadrant analysis of the tangential stresses to assess the frequency of occurrence of sweep (Q4)-ejection (Q2) pairs as it may shed additional light on the three dimensional structure of momentum transfer near the bed (Alfredsson and Johansson, 1984; Kim et al., 1987; Lozano-Duran et al., 2012) . Notably, there is no consensus as to whether the succession of ejections and sweeps creates vortices, or conversely, rolling vortices give rise to the bursting sequence, and it is plausible that both mechanisms operate cooperatively (Adrian and Marusic, 2012).
The above results emphasise the three-dimensionality of the momentum and subsequent mass exchange problem, and as such, the contributions of the three components of turbulence to momentum flux need to be considered. Subsequently, octant analyses of the three dimensional Reynolds stresses ( is carried out to identify the 'active' times where momentum exchanges occur, and their fractional contributions to the overall stress. However, to remain true to the original formulation, we have opted to perform this in three distinct orthogonal planes. interactions by a factor of 1.6 for H=2 due to the observed dominance of particular quadrant events of higher magnitude in the erosive runs, compared to the nearly equal distribution (balance) of the four quadrant event motion in the accretive tests. Remarkably, the fractional contribution of ejections and inward interactions, and hence reduced thresholds, is reportedly enhanced in sediment mixtures with high standard deviations in grain size distribution, like the coarsely skewed sediments present here; while that of the Q1 events becomes less significant (Wu and Jiang, 2007; Wu and Yang, 2004) .
Spectral analysis of turbulence and suspension
Spectral analysis decomposes the measured turbulence data into waves of different periods (frequencies) and wavelengths, providing a suitable means of examining how these fluctuation are distributed from a statistical viewpoint (Tennekes and Lumley, 1972) . The multitude of scales (both spatial and temporal) of turbulent eddies comprise a spectrum ranging from the macroscale (long period and spatially limited only by the dimensions of the flume/flow) to the high frequency microscale limited by viscosity, with the energy transfer being driven by vortex stretching (ibid.). The value of a spectrum at a certain frequency or wavelength equates to the mean energy of that wave, and as a result, it provides a means of assessing how eddies of different sizes exchange energy and how turbulence evolves with time. With turbulence being a largely three-dimensional problem, this necessitates construction of energy spectra in three dimensions (Cebeci and Smith, 1974) . Figure 5 shows the power spectral densities (PSD) of the three fluctuating velocity components (u' wave )
within and outside the boundary layer for the entire length of the erosive wave test (~ 180 minutes). These have been calculated using Welch's method with a Hann window with 50%
overlap. The velocity spectra display a peak corresponding to a period of 8.19 seconds in all three components, as expected (design peak period being Tp = 8 sec). Nonetheless, a striking feature is a significant peak in the crosswise turbulence spectrum at both elevations, with a corresponding period of 2.64 seconds. This is also apparent in the accretive runs, as well as what seems to be higher order harmonics. Chu et al. (1991) have reported on unstable transverse shear flows leading to large scale turbulent motions across wide and shallow open channels (horizontal length scales significantly larger than water depth), induced by the growth of small scale disturbances induced by bed friction (critical value of 0.12-0.145) or depth variation. However, neither of these appear to be applicable in this case, given the relatively uniform cross section of the flume, and the lower wave-induced bed friction factors reported in Table 1 , and some alternative mechanism must be at work.
Standing cross-waves (transverse waves) induced by symmetric wave makers in rectangular channels have been reported to occur with excitations at nearly twice one of the natural frequencies of the paddle due to nonlinear parametric resonance (Garrett, 1970; Miles, 1988) . The first mode of oscillation for a rectangular channel of width, B = 5m, and water depth hs = 2.5m, occurs as half a wave with a node point at the centre of the flume, and two maxima(crests)/ minima(troughs) on either end (the rigid walls). Paterson (1983) presented the equations needed to calculate the associated wave number ( ), and angular frequency ( ( ⁄ ⁄ ) ), in which case the corresponding period in our case comes to exactly 2.64 seconds, matching perfectly the peak in the spectrum, with higher order oscillations also observed in the spectra. The spectra of turbulence components both within and outside the boundary layer were also constructed for each of the erosive and accretive sub-runs, following the same methodology.
No significant peaks were apparent in the lower frequency range (periods longer than the peak wave period); suggesting limited effect of wave groups in the turbulence signal. When the wave signal is filtered out, no sharply-defined peaks could be attributed to the harmonics of the applied wave forcing (progressive waves along the channel); but the highest variances lie between the first harmonics of the progressive wave and the second harmonics of the transverse standing wave. This shows that the turbulent energy lies within the wave frequency range, as has been seen in studies of the inner surf zone (Ting and Kirby, 1996) .
Local peaks corresponding to the second harmonics of both could be discerned, indicating induced turbulence at flow reversal, often associated with the vortex shedding process.
When shown in wave number space, these fluctuations approach the Kolmogorov-Obukhov relation within the inertial dissipation sub-range (Frisch, 1995; Stapleton and Huntley, 1995) . Note, however, that spectral analysis with Fourier transforms are limited by the Nyquist frequency, limiting detected frequencies to those higher than half the sampling frequency of the instruments (Glover et al., 2011) , in this case, 12.5 Hz.
Taylor's theory of "frozen turbulence" suggests that turbulence is advected by the mean current more rapidly than it is developing temporally, and as a result, the measured turbulence fluctuations at a fixed point would correspond better to the spatial rather than temporal changes in velocity (Taylor, 1938; Wyngaard and Clifford, 1977) . In wavenumber ( ) space, where , the spectral energy for all eddies of size ⁄ is roughly proportional to times the width of the spectrum (Tennekes and Lumley, 1972) . The strain rate of an eddy is thus a function of its wavenumber, which is often scaled by the measuring height, z, into a non-dimensional form, . Hence, by normalising the k*-weighted spectra into an energy/variance preserving form, whereby an equal area under the curve = equal energy, it is possible to calculate the dominant eddy sizes, following (Soulsby, 1977 (Soulsby, , 1983 Soulsby et al., 1984) .This was applied to the turbulence spectra, before smoothing with a moving-average algorithm, as shown in figure 6 , where error bars represent standard deviation for the averaged sub-runs. The peaks indicate similar scaling in the crosswise and The vertical excursions scale well with the wave boundary layer thickness in both erosive and accretive runs. Overall, the wavenumbers contributing to horizontal motions are smaller than those contributing the vertical motions.
The power spectral densities of sediment backscatter at 5 elevations above the bed are presented in figure 7 , for all of the analysed sub-runs. The suspension spectra in both erosive and accretive runs exhibit multiple or broad peaks near the bed and higher in the water column, with frequencies corresponding to the second harmonics of the progressive waves, as well those of the transverse waves. This implies suspension of sediment is associated with the shedding of vortices from bedforms within the boundary layer (O'hara Murray et al., 2011) , and extending much higher in the water column, potentially due to pairing of vortices (Williams et al., 2007) . This claim is supported by the bed morphology, stable, 2D vortex ripples with no considerable migration over the duration of each 8 minute sub-run. It does not appear, however, that wave groups play a role in this case, as has been reported in irregular waves over evolving bedforms (O'hara Murray et al., 2012) . The peaks corresponding to the transverse wave properties highlight the nonlinearity and three dimensionality of the sediment suspension process, both in terms of sediment pick up and maintenance of suspension higher in the water column. While the spectra in the lower frequency range are steeper near the bed, and relatively flatter higher up, these trends reverse at the higher frequency scales. This may suggest that the stirring of sediment near the bed is driven by the mean flow properties, but the waves do not play a significant role in retaining sediment in suspension. Steeper slopes of energy spectra at higher frequencies are often associated with coherent structures (Maltrud and Vallis, 1991) , and as such, higher frequency turbulence may be the dominant mechanism at work at higher elevations above the bed, and hence key to modelling suspension of sediment outside the boundary layer.
The time dependency between the horizontal shear stress and sediment concentration also varies with elevation (Venditti and Bennett, 2000) . Given the existence of an undertow in this case (~ 0.2 m/s offshore), vertical variations are expected in spilling breakers (erosive runs)
as turbulence gradually spread downwards by moderate scale eddies from the surface roller, but not in plunging breakers where downward generated large scale vortices create strong vertical mixing Kirby, 1994, 1996) . Plunging breakers are dominated by orbital wave motion and turbulence is thus convected landwards, favouring accretion and indicating strong dependence on history downstream, while spilling breakers are dominated by the undertow moving sediments seaward (ibid.).
The erosion process, locally, is likely to be affected by the passage of large scale coherent structures with low occurrence probability (Adrian and Marusic, 2012), and there is growing evidence that the concept of bursting as a violent ejection is replaced by the concept of "slowly evolving" fast packets of vortices creating sequences of ejecting/sweeping events each associated with one of the vortices (Christensen and Adrian, 2001; Jimenez, 2012; Jiménez, 2013) . We conjecture that the succession of convected or locally generated intermittent bursting or sweeping motions would dictate whether the entrained sediment has enough time to settle, is amplified by added suspensions, or swept back to the bed. This governs the frequency response of suspension events and how they interfere with turbulent fluctuations. Wavelet analysis may offer some clues as it provides information not only on frequency scales, but their spatial (occurrence in time) variability too. Whether erosion or accretion is observed at the barrier is then governed by the mean currents which could transport the agitated sediments above the bed. This is typical of a stochastic process where particle concentration is closely related to that of the turbulence fluctuation arising from large eddies as shown in the work of (Liu et al., 2012) . Such episodic events could occur at any location of the bed, with short periods of considerable sediment movement intermingled with long periods of negligible transport (Dey et al., 2012) .
3.5 Wavelet analysis of Reynolds' stresses and sediment resuspension . We opted to present the inverse frequencies (i.e. periods) on the vertical axes, to facilitate the discussion when related to wave properties. The global power pertains to time averages, if we were to take a vertical slice through the wavelet plot, and average all the local wavelet spectra (Torrence and Compo, 1998) .
Finally, the lower two panels show the time series of vertical suspension (logarithmic backscatter, higher values in warmer colours) profiles below the ABS sensor head, the power spectral densities of suspended sediment concentration at the level of the corresponding ADV (ADV1 on the left, ADV2 on the right), and the related continuous wavelet transform of the suspension time series at that elevation, together with its global spectral power. In these plots, warmer colours indicate higher power (variance), the whiteshaded region represents the cone of influence where edge effects may distort the image, and the thick contours represent the 95% confidence limit (5% significance against red noise). Note that at higher periods (low frequency events), the power falls within the cone of influence, limiting our ability to investigate the temporal evolution of the particular peak frequencies reported in section §2.4. Therefore, we are restricted to investigating very high frequency events occurring at time scales up to 2 seconds. This limitation arises from Heisenberg's uncertainty principle, which dictates that one cannot obtain arbitrary good localisation in both time and frequency, and a trade-off must exist whereby spatial resolution is bad at large scales while scale (frequency) resolution is bad in the small scales (Farge et al., 1996; Foufoula-Georgiou and Kumar, 1994; Grinsted et al., 2004; Lau and Weng, 1995) .
Having said that, it is clear that most of the power (variance) in concentration lies within the lower frequency range (high period) associated with the mean flow properties for both stresses and suspensions near the bed.
The Fourier-transform-derived spectra of Reynolds stresses show that they approach the universal Kolmogorov-Obukhov -5/3 relation corresponding to the inertial dissipation subrange (Frisch, 1995, Stapleton and Huntley, 1995) . While this is still true for stresses measured outside the boundary layer (by ADV2), it is interesting that a secondary peak appears within the higher frequency range, suggesting enhanced turbulence with smaller scales of motion. The CWT results show that 'powerful' (i.e. high variance) turbulent events occur intermittently throughout the records, in slowly evolving clusters that persist over short times in the dominant flow direction (streamwise-vertical) near the bed, and for longer times (significant from a turbulence perspective, up to several minutes), higher up in the water column, and at lower frequencies. The larger clusters fall over short bands of frequency scales (specific periods, predominantly 0.5 and 2 seconds); while the fast-evolving clusters extend over a bigger range of frequency scales (primarily between ½ and 1/64 seconds) before diminishing. This may indicate breakup of the larger eddies into smaller and smaller ones within the inertial dissipation range, before the energy is consumed by viscosity, as described by the classical turbulence cascade which suggests that inertia results in stretching and rapid breakup of vortices into many smaller, excited degrees of freedom, until energy is dissipated through viscosity (Frisch, 1995; Kolmogorov, 1991; Sreenivasan and Antonia, 1997; Tennekes and Lumley, 1972) . The turbulent clusters within the streamwisevertical plane (hereafter referred to as the dominant plane of motion) have the highest
power, which appears to be uniformly distributed across the aforementioned frequency range. In the horizontal plane, such events are also considerably powerful, but tend to spike closer to the lower end of the range, at periods comparable to the harmonics of the transverse standing wave. In the crosswise-vertical plane, significant clusters of turbulent stresses occur for longer times, but their power is negligible compared to those of the other two planes of motion.
Periods associated with a succession of powerful turbulent events are very closely followed by periods of powerful, high frequency suspensions, extending from the larger scales observed in the low frequency range (periods up to 4 seconds/outside the cone of influence), and exponentially extending over smaller and smaller scales (higher frequencies/lower periods) before decaying as turbulence clusters cease. This may be explained as cumulative, highly-varied suspensions in response to the faster turbulent perturbations, where continuing upward diffusions exceeds the settling velocity of the entrained particles.
Even the more sporadic suspension events of lower significance appear to conform to the aforementioned behaviour, if the wave signal is not excluded from the turbulent fluctuation (shown in Figure 9 ). Comparing the two figures shows that the bulk of sediment suspension events can be attributed to wave-induced turbulent fluctuations of low frequency (only higher order harmonics of the wave period (4/Tp) are visible outside the cone), where most of the global power is retained. Yet, the short-lasting suspension clusters scale with the rapidly decaying high frequency turbulence. This perhaps highlights a hysteresis effect, where a dynamic lag occurs between the driving mechanism in terms of the formation, and evolution of a vortex structure and ensuing bursting sequence, and the response in terms of sediment resuspension. These periods of high power and long suspension events often appear directly following significantly large amplitude variations in water surface elevation of up to 1.4 m, inferred from the pressure gauge (not shown here). This suggests that the initiation of a large suspension event beyond the mean flow frequency range is instigated by the passage of the more energetic waves within the JONSWAP spectrum, or with early wave breaking events. Its persistence in the higher frequency range is then dictated by the supply of fluid momentum; either generated through bed friction, or injected downwards by the spilling breakers of these erosive wave runs. Higher in the water column, few suspension events are observed at the high frequencies, and where they do occur, these are characterised by a rapid expanse of the scales followed by rapid decay (dissipation of energy). In the accretionary runs, the turbulence events span even wider scales and occur over longer times, corresponding to significant fluctuations in the time series of the turbulence components (and water elevation). These clusters can be interpreted as large scale, uniform momentum regions convected or formed near the bed in the low frequency range. As they evolve, they cause small scales vortices that experience sudden and short lived changes in velocity, manifest by short duration events of high variance, that appear to be 'shooting out' of the larger clusters and spanning a significant extent in the high frequency range in these plots. This change can cause higher shear stresses compared with the mean flow, as reported by Mathis et al., 2011) , and as such, are often followed by significant suspension clusters.
To examine the hypothesis thus posited, cross-wavelet transforms ( degrees phase shift, testing the coherence of the transform (Grinsted et al., 2004 ). Here we notice common features as observed in Figures 8 and 9 , where suspension events and turbulent stresses share high common power at a range of scales. At the smaller frequency scales, these regions of significant common power occur for most of the time near the bed and in all three planes, particularly when the wave signal is present, albeit falling within the cone of influence. The powerful events at lower periods of 2 -4 seconds are phase locked, implying causality between the wave-induced turbulence and the ensuing suspension, but with no notion of time lag. However, no robust measure of whether this may be an artefact of the dominance of one of the signals, or not, is carried out (e.g. combining clustered wavelet spectra with maximum covariance analysis presented by Rouyer et al. (2008) ). The higherfrequency 'wave-contaminated' scales appear to be less coherent in all planes both near the bed and outside the boundary layer. However, once the wave signal is filtered out, the turbulent fluctuations outside the boundary layer appear to be predominant in driving the suspensions at this level, with the highest power, although being phase-locked in the opposite direction.
Nonetheless, the wavelet analyses presented collectively support the conjecture proposed, postulating a mechanism in which successive intermittent bursting motions play a significant role in moving and maintaining sediments in suspension. In time-frequency space, it is shown how most of the momentum exchange, and ensuing suspension, lies within the low frequency range (high periods) dictated by the mean flow properties. The passage of intermittent and relatively large momentum regions of uniform spectral properties at higher frequencies, plays a direct role in sediments suspensions which exhibit significant variability within the higher frequency range. As these regions, which signify the passage of a coherent structures, persist for a considerable amount of time, suspensions near the bed are amplified before decaying as the supply of momentum by these turbulent structures ceases. Within a given cluster of turbulence, both stresses and suspensions span a certain range of frequencies, which may hint at a nonlinear modulation of both the amplitude and frequency of such small structures with the larger flow structures near the bed. Such behaviour in wall turbulence has been attributed to local changes in shear but not necessarily the spatial and temporal structure of large flow events (Ganapathisubramani et al., 2012) .
Conclusions
The aim of this study was to provide insight into the temporal and scale relationships between wave-generated boundary layer turbulence and event-driven sediment transport in oscillatory flow. The work was carried out in the nearshore of a prototype sandy barrier beach using data collected though the BARDEX II experiments for irregular erosive and c-Flume studies of turbulence and sediment transport must consider the effect of flow geometry which may induce artefact hydrodynamics that can significantly have an influence on the processes being investigated. The transverse standing wave reported in this study is a case in point, whereby a secondary process at work was evident in the statistical and spectral properties of turbulence and suspension events observed.
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Attached at the end, and separately. , and outside (right handside) the benthic wave boudnary layer. In each panel, the top three subplots show the time series of the three aforementioned stresses, respectively, together with their frequency spectrum (through a Fourier transform) in which universal Kolmogorov-Obukhov rate of inertial dissipation (^-5/3) is represented by the red line. The following three sub-panels present the time-series of continuous wavelet transforms (CWT) for each of the stresses in the time-frequency domain, presented in the same order, together with their global spectral power (integrated variance) across the various frequency scales (inverse period). Subsequently, the lower two subpanels show the time series of vertical suspension (logarithmic backscatter, higher values in warmer colours) profiles below the ABS sensor head, the power spectral densities of suspended sediment concentration at the level of the corresponding ADV (ADV1 on the left, ADV2 on the right), and the related continuous wavelet transform of the suspension time series at that elevation, together with its global spectral power. In the time-frequency domains, warmer colours indicate higher power (variance), the white-shaded region represents the cone of influence where edge effects may distort the image, and the thick contours represent the 95% confidence limit (5% significance against red noise). Figure 9 . Influence of wave-signal on the time-frequency properties of Reynolds stress in the streamwise-vertical plane (u'w'), measured near the bed (left panel), and putside the wave boundary layer (right panel). In each panel, top sub-plots (a, and d) show the time series of Reynolds stress (before and after filtering out the wave signal), together with its corresponding frequency spectrum (by Fourier transform). The dashed horizontal lines indicate (standard deviation). The rate of inertial dissipation is shown by the sloping red line in the frequency plot. The middle (b and e) and bottom (c and d) sub-panels sow the time-series of continuous wavelet transform (CWT) of the Reynolds stress before and after filtering out the wave signal, respectively, together with the corresponding global power spectrum. In the time-frequency domains, warmer colours indicate higher power (variance), the white-shaded region represents the cone of influence where edge effects may distort the image, and the thick contours represent the 95% confidence limit (5% significance against red noise). 
